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NOTSE GENERATED-BY. IMPINGEMENSOF TURBULENT FLOW ON
AIRFOILS OF VARIED CHORD, CYLINDERS, AND OQIHER FLOW OBSTRUCTIONS
by W. A, Olsen

National Aeronsutics and Spuce Administratlon
Lewls Resecarch Center
Cleveland, Ohio 44135

ABSTRACT

Noise spectre were measured in three dimensions for several surfaceés
immersed in turbulent flow froam a Jet and over a range of flow.conditions,
The date are free field and were corrected to remove the small contribu-
tions of jet noise, atmospheric attenuation and feedback tones. These
broadband data were compered with the results of available theories which
are only strictly applicable to simple geometries over a limited range of
conditions., The available theories proved to be accurate over the renge
of flow, chord length, thickness, angle of attack, and surface géometries
defined by the experiments, These results apply to the noise generated by
fixed surfaces in engine passages, the lifting surfaces of alrcraft and
also to fah noise,

INTRODUCTION

The primary objective of the work reported herein was to obtaln data
for the broadband noise generated by the impingement of an airstream upon
fixed airfoils of small to “"infinite" chord, and cylinders of varied sige
and shepe. The second objective was to compare these data with the results
from available analyses, These results can be related to the nolse geher-
eted by fixed flow obstructions in engine flow passages, fan gnd compressor
noise, and also to the nolse generated by the lift augmentation surfaces of
8TOL aircraft,

Basic theories for the noise emission from surfaces in a turbulént
airstream exist for only a few very simple surface geometries (see fig. 1).
These are deseribed in reference 1, which contains a systematic discussion
of these theories. The shape of radiation pattern of the overall sound
pressure level is predicted in reference 1, but equations to predict the
complete noise emission (spectra, radiation pattern, and absolute level)
are only given for the small chord airfoil. These theories only apply to
8 limited range of parameters and geometrical variations. For example,
tHe theory for the small airfoil requires that the chord end thickness of
the airfoll be sma}l, The comparisons in this paper between the theoreti-
cel results and the data for airfoils of varied chord and thickness will
help quantify what small means; and any shortcomings of the theories de-
gscribed in reference 1 will also be shown,
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In order to compare the datae with theor@tical predictions the assump-
tions required by the thoory must be adequately natiofied, Meny previous
éxporiments had strong faedbeck tones (e,g. refs, 2, 3, and 4) which mako
1t difficult to extract the broadband spectra, In other exporiments the
teot surfacé was in a duct (e.g., ref,. 5), which strongly affected the
shape of the radiation pattern and spectra, In many exporiments, including
the one reported herein, the obstruction was immeérsed in e finlte turbulent
Jet. A large free-jet wind tunnel with screens can give a large reglon of
uniform flow but at the price of more jet nolse contamination, which would
restrict the frequency and velocity range of the uneentaminated data (e.g.,
ref. 6). In addition the spatial range of the data would be restricted,
Anothey problem with many experiments is that the range of géometries and
parameters covered were limited,

The. surfaces tésted and discussed herein are airfoils of small (1.0 cm
chord) to “ianfinite'" chord and of varied thickness and shape, and also cyl-
indsrs of veried sigze and cross.sectional shepe., These were immersed in
the turbulent sirstream of a nozzle, The compléte three dimensional noise
emission [iuu these geometries was measured over a large range of flow
conditions, The date were not adversely affected by the experimentel prob-
lems previously mentioned., These data were compared to the results of the
avallable basic theories in order to determine the validity and limitations
of applying the aveilable theories,

DISCUSSION OF AVAILABLE THEORY
Consider turbulent flow over a stationary surface in an otherwise
infinite uniform medium at rest. 'Noise at far field position X from a
source in the turbulent flow at ¥, is proportional to the rms of the den-
sity perturbation., The density perturbation is given by equation (1),

which was derived in reference 1 by the acoustic analogy approach of
Lighthill,
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p'(%,t) = -1‘5 [:f————.a G Tij dy dt + fa-—G— £y df dt (1)
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Volume sourdes Surface sources
(quadrupole) (dipole)

The notation follows that of reference 1, where
G Green's function for gromatiy
£, force of surface ot fluid

Tij, Lighthill's stress tensor




Fquatien (1) is thoe starting polnt for the theorics depcrlbing thé
oimple surfaces on flgure 1, The terms G, £y, and Tq4 are ancumed to
be known a priori from experimontal meagurement or analytical modeling,

For jet noise, the surface gource term 16 neglectad, the free space
Grecn' s function 1o used, and the stress lLonsor, Tygy 18 approximated
gnelytically. The nolse generated by flow over a surface is more complex
than jet nolse iln that both terms of equation (L) must be considered. In
tho following sections, available theory for specific surfaces is discussed,

Small chord airfoll. - Eguation (1) ic evaluated in reference 1 to
determine the sound emission frum & thin alrfoil of small chord immersed in
a finite turbulent flow (e.g. & Jet). The free space Green's function is
used, and one broadband nolse source {s assumed. This source is due to the
random forces acting on the airfoil, which are caused by turbulent flow
over the rigidly mounted statlonary airfoil, If the airfoil is not rigid
and stationary (non-moving with respect to the observer) there would be
additional terms to consider. Quadrupole noise sources in the wake of the
airfoil are assured to be negligible, Pure tones are not included,

The airfoil chord is assumed to be small relative to the eddy size,
This insures that the source is compact so that changes in retarded time
can be neglected for all sound emission angles, The small chord assump-
tion also insures that the mean flow and turbulence doesn't change as it
flows past the airfoil, Linearity and a small spanwise correlation size
permit the span of the airfoil to be broken down into a number of strip
segments to account for three dimensional turbulence gusts. Any spanwise
veriations in the incident turbulence and velocity can be handled similarly.

Goldstein and Atasi (ref. 7) showed that this analysis applied only to
s very thin airfoil. A finite thickness (or a finite angle of attack) will
introduce changes in the mean flow that will change the spectra at high
frequency, Only the fluctuating lift forces are included, which result
from the transverse turbulence component, Any noise due to fluctuating
drag forces is neglected.

Assumptions about the turbulence and flow are also mede., The mean
flow and transverse turbulence are assumed to be uniform along the span.
The turbulence is assumed to be isotropic. The turbulence spectrum is
also assumed to be adequately modeled by relationships given in reference 1,
Finally, refraction, scattering and reflectinon, and shielding of the sound
by any surrounding surfaces are also neglected,

After a lengthy derivation (see ref. 1), using the previous assumptions,
an equation results which describes the three dimensional broadband sound
emission. This relationship accounts for the effect of three dimensional
turbulence guste and compressibility. By limiting our interest herein to
the sound fleld in the plane perpendicular to the airfoil (p = 0°) the
equation is greatly simplified., This simplification results in equation (2),
which describes the spectral intensity, 1, at ¢ = 0° as & function of
the polar angle, 84
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The duantity 8c<°1:Mo> is the .two dimensional compressible response
function which is given by one of two functions that arc described in ref-
erence 1. The funetion used depends on the velue of the frequeney param-
eter, fy, whieh is glven by

fate(n-1d)” (3)

m Co

When £y =1, the compressible response function is described by Fresnel
integrals; whern £ < 1, Bessel functions are used, For small velues of
fyy the simple incompressible response function (i.e..Sears—furction)
would also be applicable,

Equation (2) is converted to the 1/3 octave band sound pressure level,
SFL, by accounting for the bandwidth and using en integrated value of
over each 1/3 octave band, I The frequency will henceforth be the center .
frequency of the 1/3 octave bnads, The 1/3 octave band SFL can then be
wriiten as:

2 Vio\ fpeCo \ T

Substitution of equation (2) into (4) results in the basic equation used in
this report as follows:.. ..
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Equation (5) can be broken down into three factors, The first factor,
F), describes the amplitude of the sound &t 64 = 90° in terms of the
ambient temperature (T,), span (b), chord (c), velocity (Vy4) and turbulence
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intensity., The sacend factor, Fg, deseribos the chupa off tho radietion
pattern at ¢ = 0°,

The shape of tho spectyum is doseribed by tho thlrd factor T, 'he
amplitude of tho eound is only slipghtly affoctod by Iy, It 18 a Tunction
of: the Strouhal number based on tho chord length (fe/Vy = 0y/r), o Mach
number (Mg = Vy/Go), ond tho transverse turbulence ceale length=-to-chord
rotio (ag = ly/¢). Measuremento by Lourence (rof, 8) indicate that changes
in the loci>,_ean velocity, Vi, do not ceune either the local turbulence
intensity, V'v2/Vy, or scale length, ly, to change noticeably, Therefore
equation (8) Lndicates that the spectral chape 1s the oame for each veloc-
ity (i.e, can be normalized by the Strouhal no,) except for the effect of
compressiblility at high frequency through the Mg = Vi/co term, The
intensity of the sound a} a given angle 6y should therefore vary with
velocity according to Vﬁ.

The polar angle, 64, only affects the level of the sound, through
the radiation pattern term, sind 64, Therefore the spectral shape is in-
dependent of 64.

Equation (5) has no parameters describing the effect of the thickness
or angle of attack of the airfoil, This means the experimentally measured
sound emission, from airfoils of small but finite thickness, angle of
attack and chord should not change over a range of these parameters,
provided they are smell enough for the theory to apply.

Equation (5) can also be used to closely predict the axisymmetric
noise emission caused by a uniform turbulent flow passing over & shmall
ring airfoil, Consider an airfoil (fig. 2(a)) that is rolled to form a
hoop and located in the center of the mixing region of the jet (hoop
diameter = nozzle dismeter, d,). According to reference 9, the span, b,
in equation (5) should be replaced by half the circumference of the ring
(b = 7 dy/2 for the ring airfoil configuration shown as fig. 2(a)).

The flow impinging upon the straight airfoil described on figure 2(a)
is not uniform a&s assumed “v the theory. The theory indicates that the
shape of the radiation pal. 'n would not be affected by non=-uniform flow.,
Calculations indizate that the relative level and the shape of the spectra
would not be noticeably affected. Nowever, the absolute level of the
noise is affected, primerily through the turbulence intensity and meen
velocity terms in Fj. As a consequence, the ring airfoil will be used
to experimentally determine the absolute level of the noise.

Large chord airfoils. = With large chord airfoils and/or at hifh
frequency or high Mach numbers, the quantity fy = mfe/c, (L = M§)"
becomes large., When fiy > 1 the time for an acoustic disturbance to
traverse the' chord of the alrfoll becames too long, compared to the period
of oscillation, for the process to be considered to be incompressible,
Theretore the incompressible response (Sears) function should completely
fail to predict the sound from lerge chord airfoils, especially at high
frequency. In such a flow, the fluctuating lift noise source should move
toward the leading edge as [y increases, In other words, the traillng
edge region of & very long chord airfoil should contribute very little to
the noise emission at high frequency, In fact, at high frequency the
fluctuating 1ift acting on an infinite chord airfoil should be the same
as for a small chord airfoil. Therefore the high frequency part of the
gpectre for airfoils of different chord lengths should be about the same,




For large chord airfoils chordwise varlations in retardead timg are
not negligible, therefore emall chord thoory (equation (68)) doea not apply
to all angloo, However, bocause tho nolec emlosion at 6; e 90° 48 not
affoctod by variations in rotarded time, equation (5) should be able to
predict the spectra at 65 = 90° for airfoils of any chord,

The shape of the radiation pattern ls prodlcted {rom nothor applic-
able theoretical development, dascribed in reference 1 by VY sin? (0,/2),
providing the source reglon is very closc to the leadlng edge compered to
the wavelength of the sound. Therefore this latter radiatlon pattern
would tend to be more accurate at high frequency, Eguation (5) also in-
dicates that the sound intensity should change as Vi for & large chord
airfoll at 64 = 90°, The reason for this is that for large chord values
the [Sc{oy, Mg)|? term becomes proportional to L/Vs.

For large values of fy two additional characteristice may apvear,.
First, the quadrupole term (eq. 1) may no longer be negligible, Therefore at
angles close to the jet we may see higher veloclty power lews at high
frequency. Also, the noise sources may become less compact,

Cvlinders, - The noise from very small cylinders, which produte
tones Eaeolian tones), is also described in reference 1, For small cylin-
ders (i.e. low Reynolds numbers) there is & periodic shedding of vortices
which causes & fluctusting Lift force on the cylinder. This generates a
tone of the same frequency. According to experiments by Phillips (ref, 10),
for Reynolds numbers of up to 200, the Strouhael number of the tone is 0,18,
Turbulence messurements (ref, 11l) indicate that this periodic eddy shédding
of vortices persists up to & Reynolds number of sbout 104, At higher
Reynolds numbers the wake becomes turbulent, This would result in random
fluctusting forces and _broadband noise, Theory indicates the radiation
pattern should be gin® 64 for all ceses.

For thick bodies such a8 cylinders there is also the possibility of
source non-compactness, thickness effects or a fluctuating drag force noise,
But for thin bodies such as airfoils these effects should be negiligible
compaered to the noise caused by fluctuating lift forces, These effects
would tend to become appsrent in experimentel data as ¢ - 90° because
fluctuating lift noise goes to zero.

APPARATUS

Test rig, - Two similer test rigs of different size were used to ob~-
tain the noise data in this paper. Each system conceptually looked like
the small rig shown in figure 3, The small rig consisted of the following
(proceeding downstream): & 10 cm flow control valve; a valve noise quiet-
ing section; & long straight run of 10 cm pipe; and finally a 7.6 cm di-
smeter perforated plate nozzle (4 cm equivelent diameter)., The first
velve noise quieting element was a perforated plate, Downgtream of that
wag a large volume no-line-of-sight muffler. The larger rig used larger
but similar flow hardware and & 10 cm circular nozzle., None of the nozzle
Jet noise data reported herein were affected by internal valve noise,
either through the nozzle exit or by direct radiation through the pipe.




The nozgzles uged ara chown on figure &, 'Thepe arrangements ond gube
ponte Tlows ware upsed in opder to avald fecdbgek tonen, An will ba shown,
wook feedback tonon otlll affacted s fow 1/3 octave bandn of pome of the
high volocity data takon with the cireular nozele.  Only a amall, correctdon
woo nooded to romove thin contominetion, Tho tont alrrfoils wore riegldly
mowilad to the nozmzlc inlel plpo. The twbulent ndrptroom from the two
typan of noszles (fly, 2) was dmpluged upon the toutl wirviollo in free spaca
wilth no encloeslng duct,

gurfuce geomelylen tested. - The surfuces tented, wlrfolle wnd oyllu-
ders of varied size ond croug section, are shown on fipurc 4 end teblo 1,
Most of the experiments involved stralpht span airloils or cylinders where
the impinging flow io non-wniform, Uniform implnging flow wes achieved
with a ring airfoil (fig, 2). The airfoll chord lengih, thickness and
angle of attack were varled,

Acoustic instrumentation and deta anelysis, - The noilse duta were
measured outdoors with elther of two types of semiclrcular mlcrophone
arrays that were centered on the nozzle exit, All of the results reported
were corrected (less than 1 dB and §°) to an cffective center at the lead-
ing edge of the airfoil, Condenser microphones (1.27 cm) with windscreens
were used, Each arrsy had a microphone radius of about 50 nouzzle diameters
to assure that they were well into the far field for jet noise, The data
were taken either with a horizontal or vertical (shown in fig., 3) semi-
circular microphone array, with open cell acoustical foam on the ground,
Either array resulted in free field noise data for frequencies above
200 Hz., Background noise had an effect upon the data below about 400 Hz,
but only when the low frequency sound level was low.

The date were measured by 1l microphones on e semicircle of 3 or 4.6
meter radius fram 6, = 20° to 1600, In all arrays, the polar angle
0; = 00 corresponds to the nozzle inlet. The test surface was generally
rotated at the flange about the nozzle centerline in order to vary the
azimuth angle ¢ without changing the flow condition, At an azimuth
angle of ¢ = O the test surface is perpendicular to the microphone
plane (e.g. vertical microphone array of fig, 3). At ¢ = 90° the test
surface would be in the plane of the microphones, Measurements showed
that the foam covered support was low enough so it did not affect the
noise radiated at any azimuth angle reported,

The frequency range of the data was 50 Hz to 20 kHz. The nolse data
were analyzed directly by an automated one-thlrd-octave band spectrum
snalyzer; some date were also tape recorded for subsequent narrowband
analysis, Both methods yielded sound pressure level spectra (SFL) ref-
erenced to 2x105 N/m?, The_ one=third-octave band SFL spectra reported
were corrected (by ARP 866)l for atmospheric attenuation (less than 2 dB
at 20 kHz) so that the reported date are lossless. The small contribution
off background noise was also removed,

The jet noise, which was separately memsured with the support in place,
was aleo removed., Therefore the 1/3 octave data reported (SFL,) repre-
sents the noise from the test surface alone, The SIL, datu reported re-
quired no more than o 2 dB correction for jet noise; usuully the correction

lIn this case this correction is numerically equivalent (within
1/2 dB) to the corrections of the new proposed ANSI standard,




wne nearly zero, Thona data polntn where the G is 2-4 dB ahove the jot
nolse are notod with a hach mark, These correctad data ware pummod npecs
trally to produco tha overall cound pronsuro loval, OABFL,. The dale
measured in a given @-plano were summad npatdally to produce an offectlvo
powor cpoctrum, PWLL, (goo raf, 12), Tho raported narrowband npactrn 01,
wore not ecorrcetod for the mmall centributlons ol atmonphoric nttonuatlon,
background noise or Jot nolsa,

Considoring the microphone calibrations, puriedlic chocks on the data
gystom, und the data avoraging, it woo delermined thot ench onu=third=octave
band sound prefisure level was ropeatablo- from day-to=-duy to within about
+1 dB, Jet noioe spectra meapured with thio foacility are overall within
1/2 dB of previously published jet noive data.

RESULTS AND DISCUSSION
Small Chord Airfoils

Noise contours. - The total sound emission from & small chord airfoil
is shown in figure 5, The data taken on a 4.6 m radius cirecle in the
¢ = 0° azimuthal plane, ‘his alrfoil, which will be considered to be
the nominal small airfoil, had a 2.5 cm chord length and a thicknass of
0.32 cm. It wag immewsed in the turbulent alrstream of the jet of the
cireular nozzle (see fig, 2(a)). Tue peak impingement veloelty, Viy,
was 94 m/sec, Figure 5 is an iso-noise contour plot made up of curves
of constant sound pressure level, SFL,. This figure is & useful intro-
duction to the acoustic data for the small chord airfoil that is to be
shown on the.next several plots, From this plot it can be seen that the
maximum level occurs at around 2,5 kHz and near 6y = 909, The peak region
is fairly flat with steep slopes at high and low frequency, The dashed
line is the locus of spectrum peaks at each 63, This curve shows that the
frequency of the peak level is almost independent of 63. For a flxed fre-
quency the level falls off ebout £ dB at +60° from 96°, The contour shape
for 64 < 90° is approximately eiliptical and symmetrical about the peak
locus. THe theory indicates that this shape should also oocur at 6y > 90°,
The steeper drop off at 6y > 130° "and high frequency is probably due to
refraction of the airfoil noise by the jet shear layer. The higher SFL.
level at low frequency and 6, > 130° is probably due to an additional
noise source.

The complete noise emission data for each airfoil configuration will
be broken down (&g indicated by equation (5)) into the shape of the spectra,
shape of the radiation pattern, and the amplitude, This breskdown permits
o more accurate comparison of the theory with the data, These comparisons
will help determine shortcomings in the theories, and determine the range
of parameters and geometrical variations where a theory applies,

Rediation pattern at ceveral frequencies. - Sound pressure level data,
S, at several conctant frequencies are plotted as a function of polar
angle on figure 6, ‘The curves are separated in level in order to avoid
overlap., The theory (eq. (5)) indicates that the shape of the radiation
pattern at all frequencies should be described by sin 64, But refraction
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of the alrfoll nelne emlaslon by the jot shear layor phould docerogpe Lhe
lovel below aind 0y ut larea 0y and nt high froquoncy, A rocont thoory
by Goldntein (refn, 14 and 14) indicatas that thore may bo o wmodificat!lon
of tho radintion pattorn al low f'vequoncy that ranulln 1o additionnl, nolpe
at larpge 04, ‘The purpone of thin plot dn to comparo tho mopoured nhape

of tho Glh, redintdon pattorn to tha theory, Aus mich tho Level o' {ho

pdné 0y curvan are adjustod for the bopt overall £il of tho datn whera Lha
thoory io oxpoetod to apply. Tho datu ut a frequancy of ol Ky whileh Le
noar Lhe peak level, cloroly Lollows the theoreotilcwl it Uy curve ovepy-
whore,

At hipgher freoquency tLhe data fall below the ulne oy curve Lor
04 - 130°, This 18 probubly due to the relfraction ol Lhe sdyfedl encruled
noise by the Jet pheor luyer; refraction 1o not iuncluded in the theovy,

Any dotae that is uftected by refraction will not be used for compurisons
to the theory,

At low frequency (800 H:) there apparently is addibionul noise, ubove
the oind 04 level, lor 04 » 1000, '[hls udditlonsl nolse i uot aue to
residual Jet noise thut was not completely removed in obtuining the. 8PL.,
because oll the SPL datu ot 800 1z werc at leust 7 dB above the Jjet noise,
Goldstein (ref, 14) indicates that there is a modification in the radiation
pattern at low frequency thaot results in additional nolse near the exhaust
for a quadrupole source (e,g. Jet noise) and ulso for a dipule source (e, .
surface noise), fThis theory accurately explainod low I'requency Jet noise
data (refs, 13 and 14), Therefore, it seems reasonuble to assume it will
also work well for the low freguency noise from & small chord airfoil which
has & dipole source. The shape of the radiation pattern that includes this
edditional nolse is described by the more complex second equation on fige
ure 6, This equation was derived in reference 14, The radiation pattern
resulting from this equation is also shown in figure @ along with the sin? o,
radiation pattern, The relative levels of these two radiation patterns and
the value of the coefficlent (2/3) were selected so thabt the logarithmic sum
of the two patterns matcged the data, The data appears to show a gradual
transition from the sin 8; pattern to the second equation as the frequency
decreases, In any event, this additional noise at low frequency can probubly
be ighored for most practical applications.

Shepe of spectra. - The theory (eq. (5)) indicutes that the shape of
the spectra is not a function of polar angle, Figure 7 contsins plots of
the spectra that were measured at several polar angles, 6y, The data are
for the nominal 2,5 cm chord airfoil at three peak impingement velocities,
The SPLe data plotted have been normalized to the OASFL, 8o that the
collapsed data will clearly show the shape of the spuctra, The spectral
shape does not chunge systematically with vy for the larpge range of
04(859 < 64 < 130°), Refraction affects the spactral shape for Uy > 13509,
Therefore, the theoretical characteristic of unchanging spectral shape 1is
verified by the data up to 1309, where the experiment satisfies the re-
quirements of the theory. The difference Letween the OASFL, and the peak
of the SFL, spectrum is about 9-1/2 dB for ull velocities,
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According to equation (L) vhe shapa of tha npectra ln owly n venk
function of veloelty, Indaed, tae datn and thoory bolh ludicate that the
ghapo of the npectra at low velualty in only alishtly lonn peaked than nd
high voloaclty,

The shapes of tho npoctra in fijupe 7 wora caleulntod From aquation (H)
ror thin airfoil. Tho turbulonce oseale longth and lmplugemont volee ity
woro cvaluated at the ponition of tho alrfeil from turbulenca data moamwod
by Lowrenea (rof, 8) in the jet of o olreular nopele,  The lovel voloclty,
Vg, of tho thoory wan tukon fo bo tho poalk impinpgomont volueily ueroon tho
opon of the alrfoll, Vi, ‘The theory ansumod 1ootrople tuwrbulonee while
moaourements (ral, 8) uRow that tho wuxial leapth osculo 1o twice wo lurpo
ou bthe transverse. ‘'lhercfore the scale length could bu nnywhore belwecu
these limits, The value of the scule length uscd in the culeulation
(1, & 1,8 em) ip 20 percent largor than tho value for 1y/d, reported in
veleronce 8, “'he magnitude of tho lenpth scale will be discussod further
in a subsequent scction,

The solid curve 1is the result from equation (4) urdng the two dimens-
sional compressible response function for 8oy, M,), while the dushed
curve is obtained by using the incompressible Sears functlon to evaluate
Sc{oy, M), The shapes of the spectru fram the campressible solution agree
quite well with the data, The incompressible solution doep not ogree at
high frequency, The high trequency part (fy = 1) of the compressible re-
gponee function sclution applies for frequencies above the X noted on
the curves., The incompressible solution closely agrees with the more com-
plex Bessel function solution used for fm < 1. Apparently the Bessel
funct' n solution can be replaced by the qually accurate but simpler in-
compretr ble solution where £ <1, Bubt for fp> 1 the incompressible
solut 8ils to match the data, ’

AL .nough the agreement at high frequency between the compressible
theory and the date is quite good, the theoretical result has one feature
not seen in the data. At about 20 kHz the spectra flattens out. This is
due to the Fresnel integral terms in the high frequency part compressible
responge function, which slowly oscillates with frequency, This will be
discussed further in a later section,

The theory requires no flow separation off the airfoil, It also
requires thaet the flow near the airfoll is uiiform in the chordwise direc-
tion and adequately described by the turbulence gpectru used in reference 1,
Measurements by Boldman (ref., 15), at several locations near the 2.5 cm
chord straight span airfoils used herein, indicated that these require-
ments were satisfied,

ot the peak of the spectrum for the hlghest velocity shown on figure 7
there were some tones in the date that were removed because they were nhot
congidered by the theory., Figure 8 contains narrowband gpectra at 68 = 100"
for a group of impingement velocities. Tones occur primurily in the i.u kHz
1/3 octave band of the data taken at a velocity of 132 m/sec, In this worsi
case, the change in the SFL, that resulted from the removal of the tones
wos 3 dB, The tones were much weaker at higher and lower velocities and in
the adjacent 1,3 octave bands, Thé frequency of the strong tone did not
change with engle, and the level of the tone followed the same relationchip
ag the broadband noise (sin® 64). Therctore, the correction needed to re=
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move the tone wae conptont for all angles, ‘Tha pame result oceurrcd fop
alrfoils with differont. chords thoabt wore ali the samn londing adge loeatlon,

Qvarall yadletioy pottarn, - The radiatlon pattarn of ovarall nolno
in plotted on flmre O for nevaral poak lmplngomont valoaltion, Vip, The
theorotical radiation patlorn shapa, alne 0 Lo Lho datn at ell volocl=
tdos guito woll, Rocall from fipguro 7 thnal rofrectlon anly afteeted tly
data at high froquonclos, 1ho OFg radlatlon ponttorn gl tho froquancy ot
the pook neloo followod odné 04, Thorefora it 1o not owrprioing that Lhe '
OASIL, pottorn, which 1n demlneted by the waffocted ponk BHg, 1o doseribod
by thiu pattorn, ‘Lho chanpge in the OADIL, with vuLﬁcity 1o dogerdbed nt
oll 0y by tho veloelty power law of the theory, V.

Bitoet of non=uniform low impinroment. = The Gtraliht uspan alefoll
crospes the jot Zaeo . 9()) at the center of the mixing replon, Ao o
conucquence there ure rudiul and therefore spunwloe veloclty und turbulenco
gradiente, The theory (eq. (5)) asoumes the Llow iu unllform along the
gpan, Oince the strulght spun airfoll hac o non=uniform inpluglng flow
the measured aboolute level of the noise cunnol Lo directly compured o
the theory, Howerer, uccurate experiments to determine the etfect ol
changes in geomotry or veloelty onh the relative nolsc level cun be per-
formed, Accurnte experimente to mewasure the shape of' the radiat’': - - @
and the shupe of the spectra can ulso be performed, The vt ~* b+ ¢ ..ol
wou moved radially +1 com from the nominal position at the . ..r <i the
mixing region at a fixed jet velocity, The level varied cbt #2 dB but
the shapes of the spectre and rediation pattern were unchanged from those
shown on figures 7 and 9.

Ring airfoil, - A ring airfoll was used (see fig., 2(2)) to experimen-
tally verify the theoreticr®. prediction for the absolute level because the
velocity and vurbulence impinging on thie asixymmetric airfoil are unirorm.

The location and cross section of the airfoil was the same as for the straight

span airfoil (see fig. 2(a)).

From the theory, it can be expected that the noise emission from the
ring alrtfoll should be very close to the straight span airfoil, except for
the absolute level. The shepe of the OASEL, radiation pat.ern for the ring
airfoil (data not shown) was exactly the same as for the straight span uir-
foll, The shape of the spectra for the ring airfoil is compared at 64 =90°
to that for the straight airfoil on figure 10, Here too there is no signif-
lcant difference, The theoretlcal spectra and relative level are conpared
to the data at 909 at three velocities, The agreement is excellent,

Absolute level., - The prediction of the absolute level of the noise
was checked with the ring ailrfoll, This was the only geometry tested thuat
has a uwniform impinging flow along the span as required by the theory, The
ring airfoil wae located at the center of the mixing region where all quun-
tities required by equation (5) are known from refercnce 8, Based oh the
ring airfoil theory discussion, thce spun, b, is reploced by half the circum-
ference of the ring, The measured OASFL, is compured to the calculated
level on figure 11 for the conditions listed on the rigure, The excellent
agreement of the obsolute levels is particularly sigaificant since no em-
pirical adiustments have bech applied to the theory,

Up to this point 1t has been shown that the basic theory for u small
chord thin sirfoll accurately predicts the total noise emission. The
experimentel limitations proved to be small or of no consequence, The
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noxt task 18 to dotermine how emall tho alrfoll thickness and chord mupt
bo in order to satisfy the assumptions of the thaeory,

Effect of thicknass., = Raferonce 7 indicates that the high frequency
reglon of tho spectra should be affdcted by finlte thicknoss, A thick
airfoll distorts the mean flow, which would affect the cpectra abova nome

froquoncy, The spectra from two straight opoan alrfolls of differant thicke-

nesg are compared on figurc 12, The nomlnal airfoil (thickness, 0,32 cm
and chord longth, 2.5 cm) was compared to an alrfoll of 1 cm thickness and
the same chord length at the same peak impingement veloclties, V,,. The
spectra differ only at high frequency, with the thick alrfoll beigg quieter,
enpecially at low veloclty., The spectra for the thick airfoil deviates
from the thin airfoil date and the theory, at a thickness to wavelength
ratio of about 0,1, The shape of the OASFL, radistion pattern for the
thick eirfoil is the same as that for the thimmer nominel airfoil, Prac-
ticel airfoils are typically thicker than the nominal airfoil, therefore
thick eirfoil theory may have to be uged in practice,

Effect of Chord Length

The sound emission at 64 = 90° is not affected by variations in
retarded time,. Therefore, equation (5) should be able to predict the
spectrum and noise level at 90° for an airfoil of any chord length, But
there is no theory spelled out in refsrence 1 to predict the spectra at
other angles®., There is a different theory described in reference 1 to
predict the radiation pattern for an infinite chord airfdil, where the
source region is very close to the leading edge relative to the wave-
length of the noise,

Overall radiation pettern. =- Straight span airfoils of varied chord
length were run at the same leading edge position, as shown on figure 2(a).
This insured that the impingement velocities were the same for all chords,
All the airfoils had the same thickness, 0,32 cm, and the same leading and
trailing edge shape (see fig. 4a-2). The length of the straight part of
the airfoil was extended in order to vary the chord from 1 cm to 240 cm,

The radiation pattern cf the overall noise from these airfolls, at
an impingement velocity of 94 m/sec, is plotted on figure 13. The 2.5 cm
chord eirfoil is the nominal small chord airfoil used for figures 5 through
9, The radiation pattern for the 1 ¢m and 2.5 cm chord airfoils are both
described by the theoretical pattern, sind 64. However %he pattern for
the 10 cm chord airfoil is clearly not described by sin® 6;, Therefore,
Bo far ae the pattern is concerned the 1 and 2,5 cm chord alrfolls are
short enough to be considered to be short chord airfoils; the 10 cm chord
is too long, In other words, the small airfoil theory (eq. (5)) is
applicable at all 6, when the transverse turbulence scale length is
larger than 75 percent of the chord.

As the chord increuses there is a gradual increase in the sound
level at large 04, relative to the sin? 64 pattorn shape. Eventually

2A theory acqounting for variations in retarded time that should
treat other angles has been recently published (ref. 17).

“,
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the infinlto chord capa 1s reached, The theopoticul radiation pattorn

for the infinite chord alrfoll, nin® (04/2), demcribas tho chape of that
data fairly woll. The change in the lovel at 6y = 90° with chord langth
was colculated from the theory, and the applicuhio thearetical poltaern wao
put through those points (X on fig, 13), The rolative thoorotical lovels
aeree well with the data,

fpectra at 90°, - The spoctra measwred at 04 = 909 for theee varilcd
chord airfoils 1o plotied on figure 14(a)., Noticc that the low frequency
part of the epectrum moved to lower (requency us the chord inereascd, The
high frequency part of the spectrum was essentlally unchanged us the chord
increased because at high frequency fluctuating 1ift 18 independent of
dhord, As the chord incressed the spectra becomes less smooth at low fre-
quency, The shape of the spectra for the 1 cm chord is exactly the same
as for the nominal 2.5 em chord airfoil. Since there was no change in
shape, the nominal chord length is clearly small enough to satisfy the
requirements of the small chord alrfoil theory. The 1 cm chord airfoil
was not teken as the nominal small eirfoil because the spectral range of
the useful SFL, data is smaller,

The spectra can be predicted by equation (8) at 6y = 90°, Figure
14(b) contains the predicted spectra for the chord lengths involved in
figure 14(a). The overall trends in the analytical results are clearly
the same as the data. The transverse turbulence scale length (Ly = 1,9 cm)
used in figures 7 and 10 for the 2.5 cm chord length was also used in this
celewlation, If the scale length were allowed to increase with chord
length, the agreement with the data would be much better for all chord
lengths.

The velocity of the jet flow along these airfoils did not noticeably
decay for the 10 cm long or shorter chord airfoils, The peak velocity
decayed about 16 percent for the 61 cm chord airfoil, For the 240 c¢m -hord
thsignificant-noisd is generatéd’at' thd trailing edge becsuse the decay
was 60 percent, Theory indicates that the source remains near the leading
edge as the chord increases, Therefore the fact that there is decay is not
intonsistent with the assumptions of-the theoty; it simply permits a very
large but finite chord to be considered to be.infinite except for .small. £,

The following are a few points of interest about the theoretical re-
sults. The X symbols on the curves are where fj = 1, For higher fre-
quencies than indicated by the X, the high frequency compressible solution
with Fresnel integrals must be used; for lower frequencies, the simple
incompressible solution is just as accurate as the low frequency canpress-
ible solution. The dips and peaks, which occur in the high frequency com=-
pressible solution reglon, are due to oscillations in the Fresnel integral
terms. The date for the large chord airfoils also show this characteris-
tic, but the frequencies of the dips and peaks do not quite agree. Because
of Fresnel integral oscillations, there may be a differencc between cal=
culating the SPL at the center frequency of the band or calculating an
average value over the 1/3 octave band as done herein. The simple calcu-
lation caused an error of no more than 1 dB at a few frequencies,

The "Noise Component Method" (e.g. refs, 9, 15, 18, and 19) uses the
analytical descriptions of the noise from the simple surfaces shown in
figure 1. These are added together as independent noise gsources with
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empirical coefficlents in ordor to deseribo the nolse from complex surfaces,
The smell and infinite chord airfolls are two such camponents, But the re-
sults just preseatod showed a gradual tranaition as tho chord increased,

The analytical model, developed for the small chord alrfoll, can alco be
used to daseribe the spectra at 900 for all chord lengths, This model has
e lift rluctuation between the semi-infinite to the Infinite board ag

Lg ~ ® (8oce flg, 1(e)). This discussion does not invalidate the very use=-
ful Noise Component Method but rather it suggests some modifications are
needed.

infinite chord airfoil, - The 245 cm chord airfoil is considered to
be essentially infinite for the following two reasons. The theoretical
curves for chord lengths of 61 and 245 cm indicate that the noise is no
longer changing significantly with chord length, Secondly, the velocity
coming off the trailing edge was so low that any noise generated there
could be neglected,

Spectra at several angles for the 245 cm chord airfoil are plotted on
figure 15(a) for an impingement velocity of 94 m/sec, As 6, increases
the spectra become very much more peaked, Notice also that these free
field spectra are not even approximately smooth.

Figure 15(b) contains the SPL, radiation pattern at a number of fre-
quencies, The peak noise occurs near 630 Hz, The theoretical radietion
pattern at a constant frequency is described by sin2 (6;/2), This theo-
retical relationship describes the data on figure 15(b) at high frequency,
where the source would tend to be close to the leading edge. This pattern
does not accurately describe the data at low frequency (e.g. 630 Hz, where
the peak noise occurs). At high frequency there is evidence of some re-
fraction by the jet shear layer,

The overall radiation pattern, OASHLy(9i), is plotted on figure l6(a)
for several velocities, The theoretical pattern, sin? (61/2), fits the
low velocity date quite well, But as the velocity increases the discrep-
ancy becomes more pronounced, due to”tge peaked spectra. Notice that the
velocity power law of the data is V?‘ for 63 < 1200, and about V§
for larger 6. Theory indicates the OASFL, power law should be V5,

Sound pressure level spectra at 900 aré plotted on figure ls(b}.

These are for the infinite chord airfoil at several velocities, The theo-
retical spectre and relative levels closely agree with the data, In order

to achieve this agreement a transverse scale length of ly = 3.2 cm was
used, In figure 1l4(b) & value of ly = 1.9 cm was used for all chord
lengths but the agreement at low frequency needed improvement, If a scale
length that increases with chord length had been used for figure 14(b), the
agreement would have been improved for all chord lengths. The campressible
solution was used for figure 16(b). The incompressible solution was not used
because it failed completely,

On & constant Strouhgl number bagis the theory predicted a change in
level described by a . power law at all frequencies., But as shown on
figure 16(b) the date inilicate the power law is higher at high frequency.
At angles closer to the exhaust axis (e.g. 8; > 120°) the power law at

[ SR —
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all frequencies is VZ ., As mentloned in the analysis section, this may
be because the quadrupgle term of equation (12 18 no longer negligible,

Supplementary Expcriment s

Most of the experiments that follow were performed with the perfor-
ated plate nozzle (fig, 3(b)). The eirstream from this nozzle was tur-
bulent and straight span surfaces were mounted across the jet on the noz-
zle centerline. The leading edge of the test airfoils and cylinders were
all.placed 7.6 cm downstream of the nozzle. Measurements had been made of
the axial turbulence and velocity at this position (ref, 15), The flow
was not uniform, The shape of the turbulence spectra was about the same
as for the circular rozzle experiment and the length scale was about 1/3
as large. Since the transverse turbulence was not measured the acoustic
data can only be used to show changes in the noise level and spectra
caused by changes in surface geometry at fixed velocity. And the shape
of the radiation pattern can beé compared to theory.

Separction of airfoil noise sources. - Experiments were run to
seperate the noise generated in several areas of a large chord alirfoil.
This was done by using a very long chord airfoil to eliminate trailing
edge noise, and airfolls with no leading edge to eliminate that source.
A very long plate with no leading edge can only generate noise from the
boundary layer flow over the surface,

The PWL) measured for these geometries at the same velocity is
plotted on figure 17(a). All airfoils were smooth and of the same thick-
ness (1 cm) and shape. The peak velocity at x = 7.6 cm was 115 m/sec,
The effective power spectra level at o = 0°, L, was used for this
comparison because the polar distribution of the noise varies with the
chord length.

Surface 1 used a very long chord airfoil- (245 cm long). The rounded
leading edge was removed and sealed against the perforated plate (fig. .
4(a=4)) such that there could be no leading edge noise, The only noise
source left was the turbulent boundary layer flow over the long airtoil
surface. The resulting noise, as indicated in figure 17(a) was buried
somewhere in the jet noise,. and well below the levels for the other
gources, Boundary layer noise (BL) can be effectively neglected in the
subsequent comparisons in figure 17,

For surface 2 the rounded leading edge was installed and moved to
e position 7.6 cm downstream from the nozzle. This surface should only
have leading edge (LE) noise. The spectrum is strictly high frequency
noise., This result is expected since the theory indicates the source is
near the leading edge where the velocity ls the highest and the turbu--
lence scale the smallest, The overall radlation pattern, OASHL(6;), is
shown on figure 17(b). The maximum level occurs in the infinite direc=
tion of the plate, which is consistent with the theory.

Surface 3 has no leading edge and the plate has been shortened to
45 cm sc thet the velocity at the trailing is relatively high. There-
fore this configuration only generates trailing edge (TE) noise and
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the epectrum (fig., 17(a)) contains mostly low fraduency nolne, This ro-
gult 16 oimply explained relative to surface 2. AL the tralling edge cource
location the turbulence scalc is lareor, due to the boundary layer f{low, and
the velocity is lower., The theoretical pattern for an infinlte plate would
peak in the infinite direction of the plate (i.e., small @3). The pattorn
for surface 3, which is not as long as surface &, approaches that result.
gurface 4 has both leading and trailing edge nolse sources, The lcud-
ing and trailing edges ave well separated so that these sources can be con-
sidered to be independent, The leading edge and tralling edge velocities
that were measured indicated they were the same as those for surfaces &
and 3 respectively., The leadlng edge noise of surface 2 and the independent
trailing edge noise of surface 3 should add up to equal the noise mesasured
for surface 4, The speetra and radiation pattern data plotted on figures
17(a) and 17(b) show that this is indeed the case, The same results and
trends occurred for data taken at higher velocilties.

Surface 5 is an airfoil with a smaller chord, ‘*he leading and trail-
ing edges are too close for the sources there to be considered to be in-
dependent, Nevertheless a comparison of results is of qualitative value.
The leading edge source would be essentially the same as before, but be=-
cause the chord is small, the trailing edge source is now affected by a
higher velocity and smaller turbulence scale length, Therefore the trail-
ing edge region would be expected to generate high frequency noise, roughly
equivalent to the leading edge noise, Figure 17(a) indicates that this
description is reasonable, The airfoil used was the thick airfoil that was
used with the circular nozzle (fig. 12). The turbulence scale length is
smaller here than it was with the circular nozzle., Therefore the 2,5 em
chord airfoil can no longer be considered to be small as it was with the
circular nozzle. Consequently it is not surprising that the radiation
pattern for this surface (surface 5) is not described by the theoretical
pattern for the small chord airfoil ( sint 64).

Other effects. - Noise data were also obtained for the 1 cm thick,

2.5 cm chord airfoil in two azimuthal planes (@ = 09 and ¢ = 80°) in
order to look for other effects beside fluctuatin - 1ift roise, These data
sre shown in figure 18, In the formulation of the theory for & thin small
chord airfoil, any noise caused by thickness, ron-compactness, and fluctu-
ating drag was neglected, The fluctuating lift radiation pattern for the
overall noise is given by sin? 0;. At increased values of ¢ the sind 04
pattern shape will decreasce in level unitormly, approximately according to
cos® g. At ¢ = 80° the sin? 9y pattern will decrcase 15 dB L1 there
{s no drag dipole, source non-compactness or thickness eftfects, ‘'he Ly/c
vratio for this airfoil is too small to have the cin® 0y pattern of u
emall airfoil., Nevertheless it is cleur lrom Iijure 18 that the patlern
at ¢ = 0° dropped 15 dB almost uniformly. Therefore these other effects
are apparently very weak even for thic relubively thick airfoil., There
was also no evidence of these other effects with the thick and thin, omall
or infinite chord airfoils tested previously (e.g. rigs. 13 or 17)., On
the other hand a strong drag dipole was observed at ¢ = 90° for the air=-
foil used in experiments reported in reference 2O.
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Effact of angle of attack, - There is no angle of attack term in
equatilon ZS;. Ta effective power spectrum for an 8,9 cm chord unsym-
metrical alrfoil is shown on figurc 19 for several angles of atteck, The
noise did not incrouse at 109; and inercased by no more than 1 dB untll
the angle of attack increased beyond 20°, Consequently, equation (5) is
valid up to a 100 angle of attack. At an angle of attack of 409 therc war
large scale {low.separation. The radiation pattern of the overall nolce
in the ¢ = 0° plane increased 1 dB uniformly at each angle in going from
e 00 to 20° angle of attack, The same insensitlivity occurred with the
nominal small airfoil at a 10° angle of attack (i.e, the results were the
same as for fig. 7).

Effect of roughness and shape, =- A séries of long chord airfoils
(45 cm chord length) were placed 7,6 cm downstream of the perforated plate
nozzle. The noise emission from each was compared at the same peak im-
pingement velocity, Vi,. These geometries, which are shown on figure 20,
are similar to engine éxhaust duct acoustic splitters, Configuration A
is the same as surface 4 in figure 17, This reference surface has high
frequency leading edge noise and low frequency trailing edge noise, The
group of A configurations will show the effect of surface roughness oh
the noise generation., The flat surface roughness is varied from smooth
to rough without changing the dimensions of the airfoil., The smooth sur-
face (configuration A) was first replaced by an 8 percent perforated plate
glued to & solid wood core (configuration A-1), The noise remaeined un-
changed, Then a coarse perforated plate was substituted (configuration A=2).
There was & 2 dB reduction in the noise at low frequency. Apparently the
boundery layer flow over this rough boundary affected the trailing edge
noise (low frequency) generation, The trailing edge of the smooth airfoil
(A) was removed, resulting in configuration B. The noise was reduced close
to 4 dB at low frequency because the trailing edge noise generation was
affected. A thick airfoil, airfoil C (2.5 cm thick), was also substituted
for airfoil A (1 cm thick); the noise wae reduced about 4 dB for the same
regson. There was additional tone-like noise at 12.5 kHz for the A-2
surface; the Strouhal number of the tone was.about 0.2 based on the diameter
of the holes,

Circular cylinders, - Circular cylinders of varied diameter, d, were
run at & constant peak impingement velocity, Vi, of 172 m/gec, The lead-
ing edge for all cylinders was 7.6 cm downstreaﬁ from the nozzle, as shown
in the sketch on figure 2L, The diameter of the cylinders ranged from
0.31 cm to 6.2 cm, corresponding to a Reynolds number range of 1.6x104 to
2.5x105, The effectivé power spectra at ¢ = 0°, FWLL, for these cylinders
ig plotted on figure 21(a). The shape cf the spectra varied from tone-like
for the 0.31 cm and 0.63 cm diameter cylinders to broadband for the 2.L cm
and 5,2 cm cylinders, Narrowband spectra, taken for the 0,63 cm and 2.0 cm
cylinders, further verified this observation. The Strouhal number (sce
teble on fig., 2L(a)) was 0,18 for the small cylinders with the relatively
nurrowband spectra (Reynolds number < 5x104), 'The Strouhal number in-
creased for larper cylinders indicating that :diameter was no longer the
proper characteristic size, Turbulence measurements in the wake of cylin-
ders were described in reference 16, The same type of spectra transition
and Strouhal number were noted in the turbulence data at these Reynolds
numbers. Apparently the eddies in the wake of the small cylinders are highly
correlated, producing a periodic lift force and therefore periodic noise
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(neolian tones), Whon the dlameter was lorge the flow structure In the
wake hecomes more random and the nolse produced wan broadband,

Tho shape of tha OASHL, radlation pattorn for all those eylinders
did not change with voloclty, and the nolse followed a V6 power law,
The smallest cylinder (0,31 cm dlameter) produced very hifh fraquency
nolse, which was notlceably refracted ncar the exhaust, ‘The OASKL, radi-
atlon pattern for ihe other cylinders was not alfected, The chape of the
radiation pattern was the same for the 0,63, 1..28 and 2,5 cm dlametor cy-
linders, These cylindere had the fluctuating lift radlation pattorn
(8in® 04) at @ = 0° as shown on figure 21(b)., A similar experiment was
performed with & 2.5 cm diameter cylinder formed as a ring (10 cm diameter
toroid downstream of the 10 eam circuler nozzle), These results were also
described by a sin® 64 paltern, On the other hand the largest cylinder
(5.2 cm dismeter) had a pattern that was more like a large chord airfoil
(i.e. peak between 64 = 120° and 160°). Perhaps at that diameter the
source i1s no longer compact, or thickness effects have become strong,

Figure 21(b) also contains the redjation pattern for the 0.63 and
2.5 cm cylinders at ¢ = 859 The sin” 6; pattern that applies at
@ = 0° did not uniformly drop 21 dB in level as required by theory
(approximately cos? @), Therefore, additional effects, such as source
non-compactness, thickness effects and/or a drag dipole source should be
considered,

Effect of cross sectional shape. - The PWLY specira at ¢ = 0° for
a number of cylinders of varied cross section are compared on figure 22,
These are compared at the same impingement position, velocity, and thick-
ness. The bodies with the blunt trailing edges are the quietest overall,
The three bodies with flow separation have comparable noise levels at high
frequency, where the airfoil is quieter,

SUMMARY

The following summarizes the acoustic results of a comparison of
theories and experimentel data concerned with surfaces immersed in tur-
bulent flow from a Jjet:

1. The experimental apparatus produced acoustic data that permitted
an accurate comparison with available smallairfoll analyses over a large
spatial (6;, ¢) and spectral range, for a range of parameters, including:
flow, chord length, thickness, angle of attack and chape.

2. Small airfoil theory (compressible) accurately predicts the complete
noise emission (absolute level,. spectra, and radiation pattern) provided:

(a) the transverse turbulence scale lehgth is larger than about
75 percent of the chord length,

(b) the angle of attack is less than about 109, and

(¢) the airfoil thickness to wavelength ratio is less than
about 0.1,

3, This theory slgo accurately gredicts the relative level and spectra
for large chord airfolls at 6y = 907, ¢ = 09,

4, vhe shepe of the OASHL, pattern for the infinite chord airfoil is
adequately predicted by another theory, except at the location of the peak
noise for high velocity.
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5, The nolse sourcas at the leading adgo, tralling odge and 1ln the
bowndary layer flow of & long chord alrfoll wore approximatcly scperatoed
in a single cxperiment, Thé tronds in the data wore in agreement with the
t}hOero

6. Source non-compactness, thickness cffects, or a drag dlpole arc
evident in tho data taken near the ¢ = 90° plane for the cylinders
tested, These are negliglble for thin alrfoils of any chord,

7. The effect of airfoil and strut shape and size on the nolsc was
shown, Moot effects were small; generally blunt tralling edges were
gquleter,

SYMBOLS
b. effective span of airfoil in the flow, m
¢ chord length of asirfoil, m
c, ambient speed of sound, m/sec
d thickness of surface normal to flow, m
d, nozzle diemeter, m
t frequency or center frequéncy of third octave band, Hz
fn = (fo/co) /(L - M2)
Fy,Fp,F; functions defined by equation (5)
Ty intensity at a given w, w/mz
i; intensity at w = 2¢f, averaged over 1/3 octave band, w/m?
ly transverse scale length defined in reference 8, m
M, Vi/bo, Mach number

OASFL overall sound pressure level from SFL data, dB

WL sound power level calculated from SPL, data (axisymmetric
noise),.dd . ...

LY sound power level from SFL. data at ¢ (non-axisymmetric), db

r radial distance from nozzle centerline, m

R microphone radius, m

SFL sound pressure level, dB
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. 88 of surface noine only (1.8, Jet nolse, atmospheric attenu-

ation, tones and background noine removed), dB

absolute valuo squared of tho two dimansional compressibl
rosponse function dofined in roforence 1

environment temperature, °C

period, sec

transverse turbulence intensity

impingement velocity (uniform flow), m/sec

peak impingement velocity (non-uniform.flow), m/sec
axial location of leading edge of surface from nozzle exit, m
time

= 2 qy/c

angle of attack, deg.

polar angle, measured from inlet to microphone, deg.
ambient density, kg/m®

‘azimuthal angle of microphone plane from plane perpendicular

to plane of surface and through centerline, deg.
= Brf
= (Dc/zvi = ‘rrf(!/,vi

kirematic viscosity, m?/sec
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Flgure 19, - Effect of alrfoll angle of attack on
noise, Pegk Impingement veloclty, V,,
172 misec; airfoll chord, ¢, 8 9 cm; tick-
ness, 4, 19 cm; azimuthal angle, @, 0%
lossless data corrected to free fleld,
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Figure 20 - Effect of variations in geometry and
surface roughness on nolse from a long chord
alrfoll, impingement vetacity, Vip 122 miser;
chord, c, 45 cm; azimuthal anglé, ¢, 0,
lossless data corrected to tree fleld,

e v e ¢ g oo o]

-




b e e ee s men s

B e e = a——

Ty
) CF RPRLL0 6D SKASSYY o) ‘D “3jfue

__ grome T PEUdY TI§Z P
SSICPR Hnm Erw 30134 uacaGuELY
Y WS [EXQES SO0 P PIgI - 22 anby

T3 AJNGOIN
G hed | 4 r4 1 v

2

‘BEp SPISSO] PRY RBJ) “WI Y7L X ‘PUFSD
as;w 211 FIn Quioges wawabuday ssapunds
2RINIA1) 04} ISICU UO JBRWRAP JO 30843 - T2 a4
NLlyd NOLLVIOVY @

930 9 ‘TIINV ¥VIO4

—wﬂﬂmnﬂ-—-.«----—-

] | H { ! I

Q" wr
o~ S8 O \Q\\w\
oa.u|n%u @ _@w -
1 Bns 7 wo ¢ ¢
00 710410 14N~ $Z ® O
WP oBed D-0
HUIWVIQ  HINWIZY

P - & 1v VAID4S HIMOd @
7Y ‘AJNBRO3MS
@2 o vy 2 1 vz

-__-u_—-¢—u_~__--

gp “1dsvo

S p—




